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Abstract The semi-empirical single-tree model SILVA
2.2 has been developed and parameterised using forest
research and inventory data from Germany that range
from the colline to the montane zone. The focus of the
model evaluation presented in this study was to test the
applicability of the model for the main Swiss forest types
and at elevations ranging from the colline to the upper
subalpine zone. To this end, SILVA was initialized using
data from long-term forest yield research plots. The re-
sults at the end of the 30-year simulation were compared
with observed data. The analysis of the results at each
test site showed that there were no signiﬁcant diﬀerences
in model performance between forest types. However,
the deviation between simulated and observed growth
depended strongly on the elevational zone, i.e., on cli-
mate. As expected, the best results were found in the
colline zone, for which the model had been calibrated,
whereas the upper subalpine sites revealed the strongest
diﬀerences. The quality of the data regarding forest
structure that were available for model initialization had
a strong impact on the simulation results, mainly at
high-elevation zones (i.e., supalpine and upper subal-
pine). We conclude that SILVA 2.2 is a suitable tool to
estimate the development of single trees and standing
volume for a large fraction of the forests in Switzerland.
However, extreme climate conditions should be avoided
with the model, and the availability of detailed stand
structure information is a key priority that has a strong
eﬀect on the quality of the simulation results.
Keywords Single-tree model Æ Model evaluation Æ
Site-sensitive growth modeling Æ Elevational gradient Æ
Switzerland
Introduction
Since the middle of the twentieth century, models
describing the state and dynamics of forests have been
applied in various ﬁelds, e.g., in forest management, in
understanding ecosystem dynamics, and in the study of
climate change impacts on forested ecosystems (Lischke
2001). An important aspect of any modeling eﬀort is the
evaluation of the model. Model evaluation should be an
ongoing process that begins during model design and
continues throughout model construction and for as
long as the model remains in use (Soares 1995; Vanclay
and Skovsgaard 1997). Model evaluation may involve
qualitative as well as quantitative examinations of the
model. These analyses mainly refer to the model logic
and its theoretical and biological plausibility (qualitative
examinations), as well as to the characterization of er-
rors, model performance (Mayer and Butler 1993), and
model sensitivity (Saltelli et al. 2000) (quantitative
examinations). Quantitative examinations should com-
prise statistical tests and comparisons of model simula-
tions with observations that are independent of those
used to ﬁt the model (Soares 1995). In the present study,
an evaluation of the forest growth simulator SILVA is
performed that is based on independent long-term forest
survey data from Switzerland.
SILVA is a distance-dependent and environmentally
sensitive single-tree model (Pretzsch 2001). It has been
designed primarily to assist in the decision making
process in forest management. Based on scenario calcu-
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lations it can be applied to predict the eﬀects of silvi-
cultural treatments, stand structure, and environmental
conditions on stand development (Hanewinkel and
Pretzsch 2000). Therefore, the model also serves as a
research instrument and has been used in several recent
studies by, among others, Pretzsch and Kahn (1996),
Knoke (1998), Densborn (1999), Hanewinkel and Pret-
zsch (2000), Pretzsch et al. (2000), Do¨bbeler and Spell-
mann (2002), Liesebach (2002), Pretzsch and Dursky´
(2002), and Weber (2001). Model parameterization is
based on a large amount of single-tree data that are
mostly from Germany (Pretzsch 2000). However, some
data that were used for the calibration of the submodel
capturing the growth potential of a site originate from
Swiss long-term forest growth and yield research plots
(Kahn 1994).
Although SILVA 2.2 and earlier model versions have
already undergone several detailed evaluations (Kahn
and Pretzsch 1998; Pommerening 1998; Pretzsch 1999;
Windhager 1999; Pretzsch and Dursky´ 2001; Pretzsch
2002; Pretzsch et al. 2002), the validation presented in
this study is novel in several respects. Besides the general
need for model testing prior to model application in a
region for which the model has not been parameter-
ized—note that the Swiss data in the model parameter-
ization process included just a few beech stands in the
colline and the lower montane zones—there are two
speciﬁc reasons for these tests. (1) Model parameteri-
zation did not extend to elevations higher than the lower
montane zone; however, model applications at higher
zones are of large interest, since mountain forests harbor
signiﬁcant amounts of biomass and, thus, carbon stocks.
For example, more than one third of the Swiss growing
stock is located above the lower montane zone (Brassel
and Bra¨ndli 1999). (2) Most of the previous tests of
SILVA were based on relatively short time periods of
ﬁve or ten years, while the predictive capability of the
model over longer time spans is less known, although it
may be of high interest in many research projects as well
as in a decision-support context in practical forest
management.
Therefore, the objective of the model validation pre-
sented in this study is to test the simulated growth of
single trees and entire stands of the main tree species
occurring in the central Alps from the colline to the
upper subalpine zone, and over a comparatively long
period of 30 years. In doing so, the accuracy of the
model parameterization for Swiss forests and the
applicability of the model under strongly varying climate
conditions will be tested.
Material and methods
Forest growth model SILVA 2.2
The concept and structure of SILVA have been described
in detail by Pretzsch (1992), Kahn (1994), Pretzsch and
Kahn (1995), Kahn and Pretzsch (1997), Pretzsch (1997),
Pretzsch (2001), and Pretzsch et al. (2002). SILVA sim-
ulates the growth and yield of pure and mixed forests
using a single-tree approach, where each tree is described
by its diameter at breast height, tree height, height of the
crown base, crown diameter, and stem coordinates.
Species-speciﬁc spline functions and crown models are
used to represent the three-dimensional stem and crown
shapes (Pretzsch 1992, 2002).
The calibration of SILVA is based on the following
three data sets. (1) The data for the site-growth-potential
submodel of the dominant European tree species were
taken from 330 long-term experimental plots ranging
from the lowlands in Schleswig-Holstein (Germany) to
the lower mountains of Switzerland (Kahn 1994; Pret-
zsch and Kahn 1998). (2) The long-term network of
experimental areas maintained by the Munich Chair of
Forest Yield Science provided the basis for the param-
eterization of all other submodels, e.g., those describing
height increment, crown form, and mortality. These
experimental areas are located in Bavaria, Rhineland-
Palatinate, and Lower Saxony (all in Germany). Based
on data from 404 experimental plots, the increment
model was calibrated for Norway spruce (Picea abies
(L.) Karst.), European silver ﬁr (Abies alba Mill.), Scots
pine (Pinus silvestris L.), European beech (Fagus silvat-
ica L.), Sessile oak (Quercus petraea (Matt.) Liebl.), and
Black alder (Alnus glutinosa Gaertn.) (Pretzsch 2002).
Some of the time series included in these datasets date
back to the year 1870 (Kahn 1994). (3) Stem volume is
estimated using the volume equations by Franz et al.
(1973) based on data from the 1971 ‘large scale’
Bavarian Forest Inventory. For estimating stem shape
and stem-shape based timber grading, the model BDAT
(Kublin and Scharnagl 1988), developed at the Baden-
Wu¨rttemberg Forest Research Station, was integrated
into SILVA.
Since the parameterization includes only a few plots
above 1,000 m asl, higher elevations have to be regarded
as extrapolation area of the model.
In those cases where some of the initial values
(diameter, tree height, height of crown base, crown
diameter, and stem coordinates) for a forest stand are
lacking, SILVA generates the missing data. This high
ﬂexibility with respect to model initialization is achieved
by the integrated structure-generating module STRU-
GEN (Pretzsch 1994). STRUGEN uses the available
tree attributes and a series of sophisticated algorithms to
construct a realistic 3-dimensional stand structure
(Pommerening 1998); among others, the algorithm for
generating diameter distributions developed by Nagel
and Biging (1995) is used.
SILVA simulates stand dynamics using a time step of
ﬁve years. At each time step, growth and mortality of the
single tree are calculated and its management is con-
sidered (Pretzsch 2002). The single-tree growth is
determined by a competition index (competition be-
tween neighboring trees), an index for single-tree vital-
ity, both of which are calculated by the model, and by
nine user-deﬁned site-speciﬁc variables (Kahn 1994;
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Pretzsch and Kahn 1998). These site variables are: soil
nutrient supply (NUT), atmospheric NOX (NOX) and
CO2 (CO2) concentration, duration of the vegetation
period (DT10)
1, annual temperature amplitude (TVAR)
2,
mean temperature during the vegetation period3 (TV),
aridity index of the vegetation period according to De
Martonne (MV) (De Martonne 1927), total precipitation
during the vegetation period3 (PV), and a soil moisture
factor (MOIST).
SILVA uses unimodal dose-response functions to
determine the values of these nine site variables as re-
sponse factors (r1–r9) with values between 0 (minimum
growth conditions) and 1 (ecological optimum of a tree
species) (Fig. 1). In the case of NOX and CO2, values
above 1,500 ppb and 1,500 ppm, respectively, are highly
hypothetical; but in all reasonable situations, these val-
ues are clearly beyond the range of interest (Pretzsch and
Kahn 1998). Three response factors at a time are
aggregated into one complex ecological factor, consid-
ering also compensation eﬀects: nutrient supply factor
(r1–r3), thermal supply factor (r4–r6), and water supply
factor (r7–r9). Finally, these three site-dependent eco-
logical factors determine the course of the site-speciﬁc
potential height and diameter growth functions.
SILVA provides three kinds of output variables
(Pretzsch et al. 2002). Firstly, classical growth and yield
data are simulated at the stand and tree level, e.g., stand
basal area, mean stand height, and the diameter and
height of each single tree. Secondly, monetary values can
be obtained from the calculation of stand assortment
distributions with the timber grading routine BDAT
(Kublin and Scharnagl 1988). The third group of output
information comprises indices of forest structure and
diversity, e.g., the aggregation index according to Clark
and Evans (1954).
Experimental design
The validation was performed at 19 test sites located
in diﬀerent Swiss regions. In order to render the
simulation results comparable across all test sites and
to minimize the eﬀects of climatic changes at the
decadal time scale, the simulations were restricted to
the time window 1950–2002. SILVA was initialized
with stand and site data from each test site, and stand
development was simulated over a 30-year period,
since this was the longest time period of observation
data that was available from all test sites within this
time window. For each test site, this procedure was
repeated 20 times to average out stochastic inﬂuences
that are inherent in the model. The average of the
simulated diameter growth of each single tree during
this time was compared with the observed diameter
growth.
The focus of this quantitative test was on the model
part that controls tree growth in relation to tree species,
site conditions, and the individual competitive situation.
Therefore, other model parts that have an indirect im-
pact on tree growth, such as the thinning routines and
the mortality submodel, were switched oﬀ for the sim-
ulations presented here. Since the data sets of the test
sites provided information on the status of each single
tree—i.e., alive, harvested, dead—during this 30-year
time period, trees that had died or were harvested in the
real stand were removed manually during the simula-
tion.
Test sites
We used data from the forest growth and yield research
plots of the Swiss Federal Institute of Forest, Snow and
Landscape Research (WSL). On these plots, a wide
range of aboveground single-tree data have been col-
lected at intervals ranging from 1 to 13 years. The sur-
veys include all trees on the plot with a diameter at
breast height of at least 8 cm. The WSL research plots
are distributed all over Switzerland and cover a wide
range of forest types. These long time series of single-tree
growth and stand development under various environ-
mental conditions (e.g., with respect to climate and soil
characteristics) were particularly suitable for the pur-
pose of this paper.
The simulations were conducted at 19 forest yield
research plots that had not been used for model cali-
bration eﬀorts conducted by the model developers. The
plots used here extend from the colline to the upper
subalpine zone (cf. Ott et al. 1997) and cover the main
Swiss forest types. The dominant tree species (with re-
spect to basal area) on the plots (Table 1) represent the
most frequent tree species in Switzerland, i.e., spruce,
beech, ﬁr, and larch (Brassel and Bra¨ndli 1999). Seven of
the plots are characterized by pure stands, the others are
mixed stands. Except for the test site at Horgen (no. 8),
all stands are managed. The majority of the stands were
between 60 and 120 years old at the beginning of the
simulation period; this corresponds to a stand age dis-
tribution that is typical for Swiss forests (Brassel and
Bra¨ndli 1999). The two upper subalpine stands (St.
Moritz, nos. 18 and 19) are uneven-aged selection forests
(so-called ‘plenter’ forests). Plot sizes vary between 0.2
and 1.0 ha.
On some of the forest yield research plots, the surveys
did not match the desired period length of exactly
30 years. In those cases, a linear intra- or extrapolation
of the observed data was needed for the comparison
with the simulation results, which are available in 5-year
resolution due to the time step of the model. In most
cases, the time period for this inter- or extrapolation did
not exceed one year.
1Days with a mean temperature of at least 10C.
2Diﬀerence between the highest and the lowest monthly mean
temperature of the year.
3May to September, not consistent with DT10 (duration of vege-
tation period).
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Model initialization and input data
For model initialization, we used all the available single-
tree information from the forest yield research plots, i.e.,
diameter and tree species (both available for each tree),
additional single-tree data such as tree height, height of
crown base, and crown diameter, as well as stem coor-
dinates. The proportion of trees per site with additional
single-tree data varied between 6 and 27%, and the
proportion of trees per site with known stem coordinates
varied between 0 and 100% (Table 1). Prior to the
simulation, all the missing data were automatically
generated by SILVA. To assess the impact of initial tree
height on simulated growth, a second simulation was
performed, for which the model was also initialized with
the available single-tree data from the research plots, but
the missing tree heights were not calculated using the
SILVA-internal algorithms but using the (more precise)
allometric functions derived from the Swiss National
Forest Inventory (NFI) (Kaufmann 2001). Since SILVA
has not been calibrated for Swiss stone pine (Pinus
cembra L.) and European larch (Larix decidua Mill.),
these species were replaced by Scots pine (P. silvestris L.)
for the simulations.
For each forest yield research plot, the site-speciﬁc
climate indices as required by SILVA were calculated
Fig. 1 Relationship between the nine site variables and their
corresponding response factors r1–r9, which determine the potential
height and diameter growth of trees in SILVA, shown for spruce
(solid line), pine (dashed line), and beech (dotted line). NUT: soil
nutrient supply, NOX: atmospheric NOX, CO2: atmospheric CO2,
DT10: duration of vegetation period, TVAR: annual temperature
amplitude, TV: mean temperature during vegetation period, MV:
aridity index of the vegetation period, PV: total precipitation
during the vegetation period, MOIST: soil moisture factor
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based on climatic data over the appropriate 30-year time
period (Table 2). Daily climate data were obtained from
the monitoring network of MeteoSwiss4. Using climate
data from a MeteoSwiss station close to each plot, the
weather inter-extrapolation model MTCLIM 4.3 (Run-
ning et al. 1987; Thornton and Running 1999) was used
to generate climate information for the speciﬁc plot.
MTCLIM was designed especially for application in
mountainous terrain. Global NOX content of the air and
atmospheric CO2 concentration were calculated for the
speciﬁc time period as recommended by Pretzsch and
Kahn (1998) (Table 2). The soil data for SILVA (i.e.,
soil moisture and soil nutrient supply) were derived from
the stand descriptions of the plots by means of the
classiﬁcation of the Swiss forest communities by Ellen-
berg and Klo¨tzli (1972) (Table 2). For the ﬁnal model
input, this nominal description was translated into a
numerical value according to Pretzsch and Kahn (1998).
All these input data represent average values over the
entire simulation period, and they were kept constant
during the simulation.
Data analysis
Single-tree level
For the analysis of the simulated diameter increment, a
number of statistical indices were used to characterize
model performance. For the i=1,...,n trees of a given
test site, the diﬀerences between the simulated diameter
increments xi and the observed ones Xi are deﬁned as
ei=xi  Xi, so that
e ¼
Pn
i¼1 ei
n
¼
Pn
i¼1 xi  Xið Þ
n
ð1Þ
Table 1 Overview of the test
sites used to validate SILVA
2.2; underlined tree species:
main tree species as given with
respect to basal area. The
additional single-tree data refer
to tree height, height of crown
base, and crown diameter
No. Zone Site Altitude
[m asl]
Species
composition
Trees with additional
single-tree data (%)
Trees with stem
coordi-nates (%)
1 Colline Neuendorf 470 Spruce 8 35
2 Colline Chane´az 805 Spruce/beech 20 99
3 Colline Chane´az 805 Spruce/beech 23 99
4 Colline Chane´az 805 Spruce/beech 12 97
5 Colline Chane´az 795 Spruce/beech 20 97
6 Colline Aarburg 475 Beech 22 98
7 Colline Zoﬁngen 510 Beech 27 95
8 Colline Embrach 595 Beech 24 97
9 Colline Horgen 630 Beech/ﬁr 14 92
10 Colline Galmiz 445 Oak/beech 10 48
11 Colline Winterthur 505 Oak/beech 13 100
12 Colline Brittnau 570 Fir 8 0
13 Montane Landiswil 960 Spruce 9 99
14 Montane Oberhu¨nigen 1,050 Spruce/ﬁr 17 72
15 Subalpine Hospental 1,475 Spruce/stone pine 12 90
16 Subalpine Morissen 1,630 Spruce/stone pine 6 67
17 Subalpine Morissen 1,640 Spruce/stone pine 6 67
18 Upper subalpine St. Moritz 1,810 Spruce/stone pine 9 96
19 Upper subalpine St. Moritz 1,810 Spruce/stone pine 9 96
Table 2 Climate and site
related input data of the 19 test
sites (the aridity index MV was
calculated by the model)
NUT: soil nutrient supply; N-
OX: atmospheric NOX concen-
tration [ppb]; CO2: atmospheric
CO2 concentration [ppm]; D-
T10: duration of vegetation pe-
riod [days]; TVAR: annual
temperature amplitude [C]; TV:
mean temperature during vege-
tation period [C]; MV: aridity
index; PV: total precipitation
during vegetation period [mm];
Moist: soil moisture
No. Site NUT NOX CO2 DT10 TVAR TV MV PV Moist
1 Neuendorf Rich 301 328 171 20.1 15.8 20 505 Fresh
2 Chane´az Medium 302 334 163 19.1 15.1 23 570 Moist
3 Chane´az Medium 302 334 163 19.1 15.1 23 570 Moist
4 Chane´az Medium 302 334 163 19.1 15.1 23 570 Moist
5 Chane´az Medium 302 334 163 19.1 15.2 23 570 Moist
6 Aarburg Rich 303 336 169 21.1 15.9 20 528 Fresh
7 Zoﬁngen Rich 302 335 168 20.8 15.7 20 510 Fresh
8 Embrach Rich 302 335 158 20.0 14.9 19 467 Fresh
9 Horgen Rich 302 334 169 20.1 15.5 27 692 Fresh
10 Galmiz Rich 303 336 177 20.7 16.7 14 377 Fresh
11 Winterthur Rich 304 342 166 20.0 15.5 19 485 Fresh
12 Brittnau Medium 302 332 163 20.3 15.3 20 510 Fresh
13 Landiswil Moderate 303 338 139 19.9 13.7 19 457 Moist
14 Oberhu¨nigen Moderate 303 337 132 20.1 13.2 16 371 Moist
15 Hospental Rich 304 342 90 17.3 10.2 28 567 Fresh
16 Morissen Medium 303 337 95 18.5 10.7 29 598 Fresh
17 Morissen Medium 303 337 94 18.5 10.6 29 598 Fresh
18 St. Moritz Medium 304 340 67 20.5 9.0 24 454 Fresh
19 St. Moritz Medium 304 340 67 20.5 9.0 24 454 Fresh
4MeteoSwiss is the national weather service of Switzerland.
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and e% ¼ 100  e=X indicate the absolute and relative
bias at this site, respectively. To evaluate the distribution
of the single-tree errors ei, a measure of the precision is
useful, which is deﬁned as the standard deviation of the
bias:
se ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
i¼1 ei  eð Þ2
n 1
s
: ð2Þ
or se% ¼ 100  se=X : The distribution of the total dif-
ferences between simulated and observed diameters is
evaluated by the model accuracy mx, which is deﬁned as
follows:
mx ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
i¼1 xi  Xið Þ2
n 1
s
: ð3Þ
The relative accuracy mx is given as
mx% ¼ 100 mx=X : The model eﬃciency EF provides a
comparison of the eﬃciency of the model simulation
with the eﬃciency of describing the data as the mean of
the observations (Mayer and Butler 1993; Smith et al.
1997), i.e.,
EF ¼
Pn
i¼1 Xi  Xð Þ2 
Pn
i¼1 Xi  xið Þ2
Pn
i¼1 Xi  Xð Þ2
¼ 1
Pn
i¼1 Xi  xið Þ2
Pn
i¼1 Xi  Xð Þ2
: ð4Þ
Another simple but eﬃcient technique to compare
simulated diameter growth with observed values is the
linear regression. However, instead of using the common
ordinary least squares (OLS) regression, we used re-
duced major axis (RMA) regression. Our goal was not
to simply predict estimated growth from observed val-
ues, but to establish a linear relationship that expresses
the ‘true’ relationship between simulation and observa-
tion. Additionally, in our case also the observed incre-
ments are subject to considerable error, which cannot be
explained by SILVA. In such cases, a so-called Model II
regression (Sokal and Rohlf 1995) should be applied,
and RMA belongs to this class of regression methods.
For the calculations we used the software RMA as
provided by Bohonak (2002).
The slope b of the regression line x=a+bÆX is cal-
culated in RMA as the ratio of the standard deviations
of x and X, sx and sX:
b ¼  sX
sx
¼ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP ðX  X Þ2
P ðx xÞ2
s
ð5Þ
The sign of b is the sign of the following sum of
products:
X
X  Xð Þ  x xð Þ ð6Þ
The intercept a and the degree of determination R2
are calculated in the same way as with OLS regression.
For a more complete description and discussion of
RMA, see Sokal and Rohlf (1995) and Niklas (1994).
Stand level
In the second part of the analysis, the diﬀerences be-
tween simulated and observed stem volume increment of
the whole stand were examined. Both simulated and
observed stem volume (overbark bole volume) were
calculated from the single-tree diameters (simulated and
observed, respectively) by means of the bole volume
functions derived from the Swiss NFI (Kaufmann 2001).
Based on these data, we analyzed the variation of the
relative diﬀerences in stem volume increment as a
function of various site and stand variables. Due to the
small number of test sites (19) and the lack of normality
of the data distributions, it was not possible to perform
detailed statistical analyses, but we had to conﬁne our-
selves to qualitative (graphical) analyses. The only
quantitative statistics we applied here were Wilcoxon
signed rank tests (Zar 1999) and linear RMA regression.
Sensitivity analysis
The impact of initial tree heights on simulated growthwas
tested on the single-tree level as well as on the stand level.
To this end, we compared the results from simulations
where the missing tree heights in the initialization data
sets were generated by SILVA with results from simula-
tions where the missing tree heights were calculated using
the allometric functions derived from the Swiss NFI
(Kaufmann 2001). The methods are based on diameter-
height functions that are site-independent (SILVA height
generation) and site-dependent (NFI functions), respec-
tively. The model results were analyzed graphically and
using Wilcoxon signed rank tests (Zar 1999).
Results
Single-tree level
The distribution of the relative deviations between sim-
ulated and observed diameter increments per test site
revealed biases between 25.94 and 47.03%, with 15 of
the 19 sites being negatively biased (all statistical indices
shown here are based on simulations using the NFI
functions for tree height initalization) (Table 3 and
Fig. 2). This means that in general single-tree growth
was underestimated by the model. Three of the lowland
sites showed no signiﬁcant bias (P-value £ 0.05). The
relative precision varied between 29.99 and 77.17%, and
the accuracy between 32.35 and 77.18% (Fig. 2). For
example, an accuracy of 32.35% means that the simu-
lated diameter increment lies in the range of ±32.35%
of the real increment with a likelihood of 68%, given
that the diﬀerences between simulated and observed
diameter increments are distributed normally, which is
the case at these test sites.
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In terms of model eﬃciency, where a positive value
indicates that the simulation describes the observed data
better than the mean of the observations, SILVA pro-
vided positive values at 13 of the 19 test sites (Table 3).
In the colline zone, only one site with a negative value
was found, whereas most of the montane, subalpine, and
the upper subalpine sites showed negative values.
For a more detailed analysis of the growth patterns at
the diﬀerent test sites, linear RMA regressions were
calculated between observed and simulated single-tree
diameter increments for each site. The coeﬃcient of
determination R2 diﬀered much among the sites, ranging
from 0.031 to 0.681, with the lowest values found in the
upper subalpine zone (Table 3). The regression line of
simulated versus observed diameter increment showed
that in most cases the intercepts were larger, and the
slopes lower than their ‘‘ideal’’ values of 0 and 1,
respectively. Considering also the observed absolute
diameter of the single trees, we found at most sites a
slight overestimation of the diameter growth of smaller
trees on average, whereas the growth of larger trees was
underestimated (data not shown).
Figure 3 shows the diﬀerences between observed and
simulated diameter increment of spruce-dominated sites
along an elevation gradient (colline, subalpine, upper
subalpine zone). The growth behavior at these three sites
is representative for their zone. It becomes obvious that
the diameter increment of spruce is underestimated at
the colline and the upper subalpine site (mainly the
growth of large trees) and overestimated at the subalpine
site. The results also show that the diﬀerent methods for
generating missing tree heights (tree height generation
by SILVA or tree height generation by NFI functions)
had a signiﬁcant impact on the simulated single-tree
diameter increment at most test sites (Table 3; Wilcoxon
signed rank test with P-value £ 0.05). However, in the
colline and in the montane zone the single-tree diameter
increment was much less aﬀected by the height genera-
tion method than in the subalpine and even more so in
the upper subalpine zone, where tree heights generated
by SILVA led to considerably lower growth rates com-
pared to the simulations with tree heights calculated by
the NFI functions (Fig. 3; montane zone not shown). In
the upper subalpine zone, also some larch trees showed
increased growth when using the NFI functions instead
of SILVA for tree height generation. At the subalpine
and upper subalpine sites, the use of SILVA for the tree
height generation led to higher and more uniform initial
tree heights of spruce, larch, and stone pine compared to
the heights calculated by means of the NFI functions
(data not shown).
Stand level
The diﬀerences between simulated and observed stem
volume increment of the whole stand after the 30-year
simulation period were mainly negative (Fig. 4), indi-
cating again that SILVA underestimated tree growth at
most test sites. Only the three subalpine sites showed an
Table 3 Single-tree growth analysis based on simulations with tree heights calculated using the allometric functions derived from the Swiss
NFI
No. Zone Site Rel. bias [%] Precision [%] Accuracy [%] EF R2 Intercept [cm] Slope
1 Colline Neuendorf 21.3 35.9 41.8 0.136 0.380 4.47 0.48
2 Colline Chane´aza 10.4 35.5 37.0 0.424 0.485 3.98 0.57
3 Colline Chane´az 15.0 48.6 50.9 0.246 0.315 3.98 0.51
4 Colline Chane´az 16.6 41.6 44.8 0.318 0.430 3.96 0.53
5 Colline Chane´az 12.4 42.0 43.8 0.452 0.522 3.61 0.56
6 Colline Aarburga 30.4 30.0 43.0 0.179 0.681 2.26 0.54
7 Colline Zoﬁngena 11.4 45.6 47.1 0.490 0.669 5.31 0.43
8 Colline Embrach a 1.9* 43.7 43.8 0.583 0.672 4.98 0.52
9 Colline Horgen 1.0* 77.2 77.2 0.112 0.134 0.91 0.51
10 Colline Galmiz 1.5* 61.4 61.5 0.345 0.514 6.20 0.31
11 Colline Winterthur 12.2 40.0 41.8 0.282 0.367 4.54 0.45
12 Colline Brittnau 47.0 48.0 67.4 0.911 0.032 3.50 0.17
13 Montane Landiswila 9.4 30.9 32.3 0.171 0.246 4.06 0.57
14 Montane Oberhu¨nigen 27.5 35.0 44.6 0.257 0.254 0.53 0.67
15 Subalpine Hospental 15.8 51.3 53.7 0.038 0.246 0.78 0.94
16 Subalpine Morissen 25.9 63.9 69.0 0.445 0.086 2.36 0.88
17 Subalpine Morissen 25.4 58.6 63.9 0.111 0.181 2.46 0.88
18 Upper subalpine St. Moritz 27.8 55.5 62.1 0.655 0.058 0.76 0.86
19 Upper subalpine St. Moritz 24.3 55.2 60.3 0.791 0.031 0.83 0.91
The statistical indices are calculated from the simulated and the
observed diameter increment. EF: model eﬃciency, R2 : coeﬃcient
of determination of the linear regression between observed and
simulated diameter increments. Intercept and slope refer to this
regression line.
* Bias is not signiﬁcantly diﬀerent from zero (based on a t test with
P value £ 0.05).
a no signiﬁcant diﬀerence in simulated diameter increment between
tree height initialization by SILVA and tree height initialization
using the allometric NFI functions (based on a two-sided Wilcoxon
signed rank test with P value £ 0.05).
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overestimation of growth. In 8 (missing tree heights
calculated with NFI function) and 11 cases (missing tree
heights generated by SILVA), respectively, the absolute
diﬀerence was smaller than 20%. Four colline sites re-
vealed diﬀerences between 20 and 30%. The other
seven and four sites, respectively, showed absolute dif-
ferences of more than 30%; these sites were found in the
colline zone, in the subalpine zone, and in the upper
subalpine zone.
The relative diﬀerence in stem volume increment be-
tween simulation and observation was found to vary
strongly between zones. Although each zone was rep-
resented by only a small number of sites, signiﬁcant
diﬀerences in relative stem volume increment diﬀerences
were found between the subalpine and the colline zones
(independent of the tree height generation) and between
the upper subalpine and the colline zones (only when
tree heights were generated by SILVA) (Wilcoxon signed
rank tests with P-value £ 0.05). On the stand level, the
two methods did not result in signiﬁcantly diﬀerent stem
volume increments (Wilcoxon signed rank tests with p-
value £ 0.05).
The analysis of the possible relationships between
deviations in stand growth and values of the site-speciﬁc
and stand-speciﬁc variables was based on the tree height
generation using the NFI functions (Fig. 5). Assuming a
linear dependency between the stand growth deviation
and these variables, mainly temperature and precipita-
tion had an impact on stand growth deviation. Partic-
ularly at sites with high annual temperature amplitudes
(TVAR), growth tended to be underestimated by SILVA.
Moreover, very high and very low values, respectively,
of the duration of the vegetation period (DT10) and of
the mean temperatures during vegetation period (TV)
appeared to lead to a strong growth underestimation.
Discussion
The purpose of this study was to evaluate the perfor-
mance of the forest growth model SILVA 2.2 using
Swiss forest data from a wide range of abiotic and biotic
conditions. Since the model had been developed and
parameterized mainly with forest growth data from
southern Germany, we expected a good model perfor-
mance in the colline and the montane zones, but possibly
less so in the subalpine and upper subalpine zone. The
ﬁndings of our investigation generally support these
expectations.
The examination of the simulation results at the
single-tree level led to the following insights (note that
these results refer to simulations in which the NFI
functions were used to calculate missing tree heights): at
most sites, the simulated diameter increment had a
negative bias (25.9 to 47.0%) (Table 3), i.e., growth
was underestimated by the model. However, three of the
colline sites showed no signiﬁcant bias. Compared with
earlier model evaluation studies, this bias is low, par-
ticularly when taking into account the relatively long
simulation period of 30 years. For example, Pretzsch
(2002) found biases between 70 and 30% after a 5-year
simulation with SILVA on 30 experimental spruce plots
in Bavaria. Still, in the study by Pretzsch (2002) as well
as in the present validation, most of the biases ranged
between 5 and 15%. Looking at the accuracy (32.3–
77.2%) (Table 3), which considers also the distribution
of the single-tree errors, the upper subalpine and sub-
alpine sites as well as a few of the colline sites show the
largest values in our study. In the study by Pretzsch
(2002), accuracy values up to 48.9% were obtained after
5 years. On the one hand, these results show that there is
a trend of decreasing single-tree growth performance of
the model at higher elevations; this ﬁnding is also sup-
ported by the fact that the model eﬃciency is negative at
both upper subalpine sites, at most subalpine and
montane sites, but at only one site in the colline zone. On
the other hand, the comparison with validation studies
by other authors (e.g., Pretzsch 2002), reveals that
SILVA performs quite well for the Swiss test sites, even
though there is a tendency to overestimate the diameter
increment of small trees and to underestimate the
diameter increment of large trees.
Since the site conditions (climate and soil) are the
same for all trees in the stand, the underestimation of the
diameter growth of large trees seems to be caused by
competition between neighboring trees that probably is
overestimated in the model. Tree competition in SILVA
is dependent on the distance between neighboring trees
(i.e., by their stem coordinates), their heights, the heights
of their crown base, and their crown diameters. The fact
that diameter growth of large trees is underestimated
also at sites where the stem coordinates of almost all
trees are known indicates that the tree distribution by
SILVA (in case of missing stem coordinates) is not
responsible for this overestimation of competition.
Therefore, the overestimation must be due to the ini-
tialization of the tree heights, the heights of the crown
base, and the crown diameters, or it must result from the
Fig. 2 Relative bias e and
relative accuracy mx of the
simulated diameter of single
trees on each of the 19
validation sites
50
way these stand structure data are tansformed into the
competition index.
The only cases where we found mostly an overesti-
mation of the diameter growth not only of small but also
of large trees were in subalpine spruce stands (Fig. 3). It
is remarkable that the other tree species at these sites,
stone pine, showed a clear underestimation of diameter
growth. Probably the growth underestimations of stone
pine trees that are too poor competitors in the simula-
tion at these sites accumulate over the simulation period
and are therefore responsible for the spruce growth
overestimation. The use of the parameters of Scots pine
(P. silvestris) for simulating Swiss stone pine (P. cembra)
stands may have substantially contributed to this eﬀect.
In contrast to Swiss stone pine, Scots pine grows in the
subalpine and upper subalpine zone only under very
Fig. 3 Simulated versus
observed diameter increment of
single trees at the colline site
Chane´az, the subalpine site
Morissen, and the upper
subalpine site St. Moritz. Initial
tree height calculated by SILVA
(a) or by allometric functions
derived from the Swiss NFI (b).
Solid line: intercept=0 and
slope=1; dashed line: linear
RMA regression between
simulated and observed
diameter increment; open
diamond: spruce; open circle:
beech; x: ﬁr; +: stone pine; open
triangle: larch
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good light conditions and without strong competition
from other tree species.
Our results showed that in the subalpine and even
more so in the upper subalpine zone single-tree diameter
increment was aﬀected strongly by the generation of
initial tree heights (Fig. 3). The single-tree heights gen-
erated by SILVA were much more uniform compared to
the heights calculated by means of the allometric func-
tions derived from the Swiss NFI. This in turn resulted
in a generally smaller diameter growth of most of the
trees, probably because light competition became
stronger as their heights were more similar. The main
reason for the diﬀerences between tree heights generated
by SILVA and those calculated with the NFI functions
is that SILVA does not use any site-speciﬁc information
(climate, soil) to generate forest structure, whereas the
NFI functions take these factors into account. Particu-
larly at higher elevations, the height/diameter ratios of
trees sometimes diﬀer strongly from those the model was
parameterized with. Therefore, it is not surprising that
the largest diﬀerences in stem volume increment were
found at the two uneven-aged selection forests in St.
Moritz when using tree heights generated by SILVA
(Fig. 4). These test sites are not only located beyond the
climatic conditions for which the model had been
parameterized, but they also consist of structurally het-
erogeneous forests where SILVA estimates single tree
growth with far lower precision than in homogeneous
forests (Pretzsch 2002). Although the use of the NFI
functions leads to larger diﬀerences between simulated
and observed stem volume increment at some si-
tes—mainly in the subalpine zone—we prefer this
method since it more accurately reﬂects actual stand
structure.
At the stand level, the best simulation results (i.e., the
smallest diﬀerences between simulated and observed
stem volume increment) were found in the colline
and montane zone, whereas some of the colline and
subalpine sites and the two upper subalpine sites showed
the largest diﬀerences (more than ±30%) (Fig. 4). Ex-
cept for the three subalpine sites where growth was
overestimated by SILVA, the simulated growth was al-
ways smaller than the observed one. Regarding simu-
lated volume, our ﬁndings from the spruce sites in the
colline zone agree well with the results of a comparable
study with SILVA that focused on German spruce
stands (Pretzsch and Dursky´ 2001). Unfortunately, for
the other zones or tree species no such comparisons
could be made. However, it is obvious that some of the
test sites in the colline, the montane, and the subalpine
zone show very good results for a 30-year simulation on
plots that have an area of only 0.2–1 ha.
Looking at the site-speciﬁc and stand-speciﬁc vari-
ables at the 19 test sites, it becomes evident that the
variables that are mainly responsible for the deviations
between simulated and observed growth are those
characterizing temperature and water conditions
(Fig. 5). In the colline zone, particularly the high values
of DT10, TV, and TVAR seem to lead to an underesti-
mation of diameter growth. Based on the results of the
present as well of previous studies (e.g., Pretzsch and
Dursky´ 2001), it appears that growth underestimation of
SILVA becomes stronger when simulating stands with
very high site quality, particularly regarding good ther-
mal conditions. Therefore, SILVA could potentially
beneﬁt from an improved parameterization of the
growth submodel that weights the data from stands with
high site quality and under the favorable climate con-
ditions of the last decades stronger than the current
parameterization. Also at the subalpine and the upper
subalpine sites, the temperature-related climate variables
play a major role. The growth overestimation at the
subalpine sites seems to be strongly related to the rela-
tively low values of TVAR that lead to a large growth rate
of spruce (response factor close to 1). In the upper
subalpine zone, high TVAR values as well as very low
Fig. 4 Relative diﬀerences in
stem volume increment shown
for each test site (simulated
increment—observed
increment). Filled diamond: tree
heights calculated by SILVA;
ﬁlled circle: tree heights
calculated by means of the
allometric functions derived
from the Swiss NFI
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Fig. 5 Relative diﬀerences in stem volume increment (simulated
increment—observed increment) plotted against the nine site
variables, the proportion of trees per site with additional single-
tree data (tree height, height of crown base, and crown diameter)
(Table 1), the proportion of trees per site with known stem
coordinates (Table 1), the main tree species (Table 1), the species
composition (Table 1), the size of the test site, and the start year of
the simulations. open circle: colline; + : montane; x : subalpine;
open triangle : upper subalpine; dashed line: zero line; solid line:
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DT10 and TV values appear to be responsible for the
strong underestimation of growth.
Conclusions
Although this model validation is based on only 19 test
sites, and in spite of the fact that the results are valid
only for the climate and site conditions under which the
model was tested, some conclusions can be drawn
regarding the applicability of SILVA 2.2 in Switzerland.
For the use of the current version of the model, two
main factors need to be considered: (1) climate condi-
tions and (2) the availability—or in case of missing data,
the generation—of stand structure information.
Regarding climate, zones with an extreme climate regime
should be avoided, e.g., continental climates or those
towards the upper treeline. In general, mainly sites with
high TVAR values seem to be critical and may lead to
invalid simulation results. Concerning stand structure
information, all of the available single tree information
should be used and—if possible—missing values should
be calculated by means of allometric functions that are
valid for the corresponding zone, because it appears to
us that the structure-generating submodel of SILVA is
quite general, but of low local precision. Mainly at high
elevations (i.e., in our study the subalpine and upper
subalpine zones) in the case of highly heterogeneous
stands, this aspect becomes increasingly important, and
may have a decisive inﬂuence on the simulation results.
Based on these ﬁndings, we conclude that under optimal
conditions (i.e., no extreme climate, sound stand struc-
ture information for model initialization), the main
Swiss tree species and species compositions can be sim-
ulated adequately with SILVA 2.2, even in zones above
1,000 m asl, i.e., in an area that the model has not been
parameterized for.
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